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Divergent Signals and Cytoskeletal Assemblies
Regulate Self-Organizing Polarity in Neutrophils
Introduction
Chemotaxis, or directed cell movement in response to
Jingsong Xu,1,6 Fei Wang,1,6
Alexandra Van Keymeulen,1,2 Paul Herzmark,1
Aaron Straight,3 Kathleen Kelly,4
a gradient of chemoattractant, allows leukocytes toYoh Takuwa,5 Naotoshi Sugimoto,5
crawl to sites of infection and inflammation, fibroblastsTimothy Mitchison,3 and Henry R. Bourne1,*
to enter a wound, amoebae of Dictyostelium discoideum1Department of Cellular and Molecular
to form multicellular organisms, and budding yeast cellsPharmacology and
to find mating partners. In each case, cells interpretDepartment of Medicine and
shallow gradients of external attractant to produce mor-The Cardiovascular Research Institute
phologic polarity, with the cell’s leading edge pointedUniversity of California, San Francisco
in the correct direction. In rapidly moving vertebrateSan Francisco, California 94143
cells, like neutrophils, morphologic polarity allows effi-2 Institut de Recherche Interdisciplinaire en Biologie
cient motility: newly synthesized actin polymers at theHumaine et Mole´culaire
leading edge (pseudopod) protrude in the forward direc-Free University of Brussels (ULB)
tion, while myosin-based contraction of the trailing edgeBrussels B1070
facilitates de-adhesion to substrate and may pull theBelgium
cell forward (Cassimeris and Zigmond, 1990; Downey,3 Department of Cell Biology
1994). Here, we investigate two distinctive features of
Harvard Medical School
neutrophil polarity. First, although a chemoattractant
Boston, Massachusetts 02115
gradient can bias the orientation of polarity, such a gra-4 Cell and Cancer Biology Branch dient is not required to trigger a polarizing response:
Center for Cancer Research quiescent neutrophils polarize in response to uniform
National Cancer institute concentrations of attractant. Second, the neutrophil’s
National Institutes of Health pseudopod shows much greater responsiveness to at-
Bethesda, Maryland 20892 tractant than do the sides and trailing edge (Zigmond
5 Department of Physiology et al., 1981). As a consequence, neutrophils faced with
Kanazawa University an abrupt 180 degree reversal in the direction of a shal-
Kanazawa 920-8640 low attractant gradient do not simply reverse their direc-
Japan tion of motility; instead, following their pseudopods, they
perform a U-turn (Zigmond et al., 1981).
Extending previous work by others (Benard et al.,
1999; Firtel and Meili, 2000; Parent et al., 1998; Zigmond
Summary et al., 1981), we have begun to identify specific roles
for the cellular signals and cytoskeletal assemblies that
mediate asymmetric attractant sensitivity of neutrophilsLike neutrophilic leukocytes, differentiated HL-60 cells
(Servant et al., 2000; Srinivasan et al., 2003; Wang et al.,respond to chemoattractant by adopting a polarized
2002; Weiner et al., 2002). These involve one set of stimu-morphology, with F-actin in a protruding pseudopod
latory signals that mediate positive feedback at the pro-at the leading edge and contractile actin-myosin com-
trusive leading edge and a separate set of inhibitoryplexes at the back and sides. Experiments with phar-
signals acting at the sides and trailing edge.macological inhibitors, toxins, and mutant proteins
The first step toward understanding signals involvedshow that this polarity depends on divergent, opposing
in the positive feedback loop was the demonstration,“frontness” and “backness” signals generated by dif-
first in Dictyostelium (Meili et al., 1999; Parent et al.,ferent receptor-activated trimeric G proteins. Frontness
1998) and later in a neutrophil-like cell line, HL-60 (Ser-depends upon Gi-mediated production of 3-phos-
vant et al., 2000; Wang et al., 2002), that phosphatidyl-
phoinositol lipids (PI3Ps), the activated form of Rac, a inositol-3,4,5-tris-phosphate (PI[3,4,5]P3) and other
small GTPase, and F-actin. G12 and G13 trigger back- products of phosphoinositide-3-kinases (PI3Ks) accu-
ness signals, including activation of a second GTPase mulate selectively in membranes at the moving cell’s
(Rho), a Rho-dependent kinase, and myosin II. Func- leading edge. These 3-phosphoinositol lipids (PI3Ps)
tional incompatibility causes the two resulting actin play an essential role in organizing the neutrophil’s lead-
assemblies to aggregate into separate domains, mak- ing edge, as indicated by experiments in which pharma-
ing the leading edge more sensitive to attractant than cologic inhibitors of PI3Ks block attractant-stimulated
the back. The latter effect explains both the neutro- formation of actin polymers and pseudopods (Servant
phil’s ability to polarize in uniform concentrations of et al., 2000; Wang et al., 2002), apparently by abrogating
chemoattractant and its response to reversal of an activation of small GTPases of the Rho family, including
Rac and Cdc42 (Benard et al., 1999), which are knownattractant gradient by performing a U-turn.
to promote formation of actin polymers (Ridley, 2001;
Tapon and Hall, 1997).
We recently presented evidence (Srinivasan et al.,*Correspondence: bourne@cmp.ucsf.edu
6 These authors contributed equally to this work. 2003; Wang et al., 2002; Weiner et al., 2002) that PI3Ps
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and Rac serve as signals in a positive feedback loop cells (Servant et al., 2000), including polymerization of
actin, activation of Rac and Cdc42, and PI3P-dependentthat organizes the leading edge of HL-60 cells. While
PI3Ps are required for activation of Rac, the reverse phosphorylation of the PI3P-dependent kinase PKB/
Akt. Nonetheless, PTX-treated HL-60 cells exhibited ais also true: inhibiting Rac activation (with toxins or a
dominant interfering Rac mutant) prevents PI3P accu- distinctive response to a point source of the chemoat-
tractant formyl-methionyl-leucine-phenylalanine (fMLP),mulation (Servant et al., 2000; Srinivasan et al., 2003;
Wang et al., 2002). Moreover, addition of exogenous supplied by micropipette: instead of protruding a pseu-
dopod toward the micropipette like normal cells, PTX-PI(3,4,5)P3 can trigger the positive feedback loop di-
rectly, initiating accumulation of endogenous PI3Ps treated cells developed at their up-gradient edges a
well-defined uropod-like structure, well demarcated(Weiner et al., 2002), morphologic polarity, and motility
in the absence of added chemoattractant (Niggli, 2000; from the weak ruffles seen on the cell’s down-gradient
side (Figure 1A). The structure at the up-gradient edgeWeiner et al., 2002); these effects are completely blocked
by PI3K inhibitors and toxins that inhibit activation of was refractile and immobile, remarkably similar to the
uropod structure at the rear of a normal HL-60 cell polar-Rho GTPases, indicating that they depend on activation
of both endogenous PI3P synthesis and Rac by the ized toward a micropipette (Figure 1A). This response
was seen in 60% of cells examined; control micropi-exogenous lipid. Finally, we found (Srinivasan et al.,
2003; Wang et al., 2002) that Rac stimulates PI3P accu- pettes (lacking fMLP) produced no effect on morphol-
ogy. Thus, PTX prevented formation of a normal pseudo-mulation, at least in part, via the actin polymers that are
generated in response to activated Rac: either attractant pod but left intact the cell’s ability to form a uropod in
response to fMLP.or expression of constitutively active Rac can trigger
persistent PI3P accumulation, but both effects are pre-
vented when actin polymerization is blocked by latrun- Three Inhibitors Fail to Prevent Rho Activation
culin B, which sequesters actin monomers. Previous studies of Rho function at the trailing edges
Experiments in Dictyostelium discoideum have identi- of monocytes and neutrophils (Alblas et al., 2001; Wor-
fied two potential effector pathways for an inhibitor of thylake et al., 2001) suggested that Rho might mediate
actin polymerization and attractant sensitivity: (1) asym- fMLP’s induction of uropods in PTX-treated cells. We
metric accumulation at the sides and back of a phospho- assayed Rho-GTP by a previously described pull-down
inositide-3-phosphatase, PTEN (Funamoto et al., 2002; method using the Rho binding domain from rhotekin
Iijima and Devreotes, 2002), and (2) an apparently dis- (Ren et al., 1999). Rho-GTP in HL-60 cells increased
tinct pathway in which PKB/Akt, a PI(3,4,5)P3-depen- rapidly after exposure to fMLP, reaching a maximum at
dent protein kinase, phosphorylates and activates a sec- 1 min (Figure 1B). PTX only modestly reduced fMLP-
ond kinase, which promotes myosin-based contraction, dependent Rho activation (by 30%) (Figure 1C) but
thereby inhibiting formation of lateral pseudopods reduced fMLP-stimulated phosphorylation of PKB/Akt
(Chung and Firtel, 1999; Chung et al., 2001). at threonine 308 (T308) by 95% (Figure 1D).
In neutrophils, we have found that attractant recep- We tested effects of two additional inhibitors: latrun-
tors, acting on different trimeric G proteins, trigger two culin B prevents polymerization of actin by sequestering
divergent pathways that contribute to polarity: one, me- free actin monomers (Spector et al., 1983), while LY
diated by Gi, controls frontness, generating pseudopods 294002 inhibits PI3Ks (Vlahos et al., 1995, 1994). Both
via positive feedback involving PI3Ps, Rac, and F-actin. these inhibitors significantly enhanced basal Rho activ-
Here, we document in migrating HL-60 cells a “back- ity in the absence of fMLP to levels approaching the
ness” signaling pathway, initiated by G12 and G13, that fMLP-stimulated Rho activity observed in cells not
markedly reduces sensitivity of the cells’ back and sides treated with the inhibitors (Figure 1C). Addition of fMLP
to chemoattractant. Its downstream components include to cells exposed to either inhibitor failed to enhance or
a Rho GTPase (Rho itself), a Rho-dependent protein kinase reduce the elevated Rho-GTP observed in the basal
(p160-ROCK), and activated myosin. (We find no evidence state. As previously reported (Wang et al., 2002), the
that the inhibitory pathway localizes activity of PTEN to two inhibitors did reduce fMLP-stimulated phosphoryla-
any region of the neutrophil membrane, in contrast to the tion of PKB/Akt-T308 (Figure 1D).
situation in Dictyostelium.) Moreover, the two pathways
control structurally different force-generating assemblies Rho Translocates to Membrane
of the actin-myosin cytoskeleton—actin polymers and ac- at the Trailing Edge
tin-myosin complexes, respectively. Understanding how Immunofluorescence of RhoA, an isoform that is highly
these assemblies modulate and transmit signals begins expressed in HL-60 cells (Hauert et al., 2002), was dis-
to provide a mechanochemical explanation of the neu- tributed in the cytoplasm of unstimulated cells (Figure
trophil’s self-organizing polarity—that is, its ability to 2A, top left) but excluded from pseudopods and prefer-
break symmetry in response to attractant, even in the entially distributed toward the back and sides of cells
absence of an external gradient of the stimulus. treated with fMLP (lower left). Activation by fMLP in-
duces a population of RhoA molecules to translocate
into a detergent- and streptolysin-O-resistant pool lo-Results
cated at the uropod’s plasma membrane, as shown by
immunofluorescence of cells treated (before fixation)Gi-Independent Effects of Chemoattractant
Covalent modification of the  subunit of Gi by pertussis with agents (middle and right) that allow cytoplasmic
contents to leak out of the cell (for example, see Fishburntoxin (PTX) inactivates Gi and abrogates all chemokine
responses previously tested in neutrophils (Goldman et et al., 2000). Both treatments markedly reduced RhoA
immunostaining, leaving anti-Rho fluorescence in theal., 1985; Shefcyk et al., 1985) and differentiated HL-60
Polarity Signals in Neutrophils
203
Figure 1. Pharmacological Inhibitors and RhoA
(A) Three cells pretreated with PTX (1 g/ml, overnight) were exposed to a point source of fMLP (10 M in the micropipette) for the times
indicated (middle and bottom). These cells failed to migrate toward the micropipette but showed clearly demarcated uropod-like structures
at their up-gradient edges. Compare these responses to those of a normal HL-60 cell (top), with its pseudopod oriented toward the micropipette
and its uropod in the opposite direction (right, control). Bars, 10 m.
(B) Time course of RhoA activation after attractant stimulation. Rho-GTP in cells was assessed by a GST-RBD pull-down assay (Ren et al.,
1999). Differentiated HL-60 cells in modified HBSS were stimulated with 100 nM fMLP for the indicated times. Results are normalized to the
density of the RhoA band in the unstimulated lane ( 1.0).
(C) Effects of inhibitors on RhoA activity. HL-60 cells were pretreated with PTX (1 g/ml, overnight), latrunculin B (Lat B, 40 g ml1 for 30
min), or LY 294002 (LY, 200 M, 2 hr); exposed to uniform fMLP (100 nM) for 1 min; and Rho activity was determined as described above.
Results are normalized to the density of the RhoA band in the unstimulated lane ( 1.0).
(D) Effects of inhibitors on phosphorylation of Akt/PKB. HL-60 cells were treated for 1 min with or without fMLP after exposure to the indicated
inhibitors, as described above. In (C) and (D) the immunoblots shown are the result of representative experiments. In each case, graphs show
the mean blot densities  2 SEM of n  4 separate experiments. Results in (D) are normalized to the density of staining in the lane representing
fMLP treatment of control cells ( 100%).
periphery of uropods. In living cells exposed to fMLP, morphologic polarity and accumulation of F-actin in
80% of cells expressing a GFP-tagged version ofa GFP-tagged RhoA fusion protein was excluded from
pseudopods and redistributed to uropods (see Supple- RhoA-Q63L (Supplemental Table S1); instead, such cells
were round in shape and showed faint, irregular corticalmental Figure S1 online at http://www.cell.com/cgi/
content/full/114/2/201/DC1) in 95% of more than 50 staining for F-actin (Figure 2B). Expression of untagged
RhoA-Q63L similarly blocked the accumulation of PH-polarized cells examined.
Akt-GFP, a fluorescent probe for PI3Ps that is normally
seen in pseudopods of HL-60 cells exposed to fMLPRho Activation Inhibits Polarization and Motility
Rho activation reportedly inhibits activation of Rac in (Figure 2C; Supplemental Table S1). In addition to
blocking fMLP-stimulated accumulation of F-actin andfibroblasts (Rottner et al., 1999) and neuronal cells (Hir-
ose et al., 1998; Kozma et al., 1997; Leeuwen et al., PI3Ps, RhoA-Q63L also markedly inhibited fMLP-stimu-
lated activation of Rac, assessed by coexpression of1997). Thus, Rho-dependent organization of the back
and sides of HL-60 cells might stabilize cell polarity RhoA-Q63L and PAK-PBD-YFP, a YFP-tagged p21 bind-
ing domain (PBD) of p21-activated kinase (PAK). In HL-confining Gi-dependent pseudopods to the front of the
cell. This prediction was correct. fMLP failed to stimulate 60 cells, PAK-PBD-YFP serves predominantly as a probe
Cell
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Figure 2. Dominant-Positive Rho Mutants Abolish Cell Polarity and Migration
(A) Differentiated HL-60 cells plated on fibronectin-coated coverslips were untreated (top) or exposed for 2 min to a uniform concentration
(100 nM) of fMLP (bottom). Cells were fixed and stained (left), treated with detergent before fixation (middle), or treated with streptolysin O
(SLO) before fixation (right). Fixation was performed by exposure to 3.7% paraformaldehyde, followed by staining with a specific anti-RhoA
antibody (green) or Texas-red-labeled phalloidin (red). For detergent and streptolysin O extractions, cells were immediately treated with 0.5%
Triton X-100 on ice for 1 min or exposed to 5 U/ml streptolysin O for 10 min and then fixed and stained as described above. For details, see
Experimental Procedures.
(B) GFP-tagged RhoA-Q63L, a constitutively active Rho mutant, was transiently expressed in HL-60 cells, which were then plated on coverslips
coated with 0.1 mg/ml fibronectin and stimulated with a uniform concentration fMLP (100 nM) for 3 min before fixation and staining for actin.
Green  GFP-tagged RhoA-Q63L; red  F-actin.
(C) HL-60 cells were transfected with PH-Akt-GFP (top, control) or with PH-Akt-GFP and RhoA-Q63L (bottom, RhoA-Q63L) and exposed for
the indicated times to a uniform concentration (100 nM) of fMLP. PH-Akt-GFP fluorescence and the corresponding Nomarski images are
shown.
(D) HL-60 cells were transfected with PAK-PBD-YFP (top, control) or with PAK-PBD-YFP and RhoA-Q63L (bottom, RhoA-Q63L) and exposed
for the indicated times to a uniform concentration (100 nM) of fMLP. PAK-PBD-YFP fluorescence and the corresponding Nomarski images
are shown. All bars, 10 m.
for the GTP bound form of Rac (Srinivasan et al., 2003), (Ishizaki et al., 1997) reproduced the ability of the consti-
tutively active Rho mutant to inhibit fMLP-stimulatedalthough it interacts with both Rac-GTP and Cdc42-
GTP in vitro (Manser et al., 1994). fMLP failed to induce polarization and translocation of PH-Akt-GFP and PAK-
PBD-YFP. Second, Y-27632, a specific pharmacologicredistribution of PAK-PBD-YFP in most RhoA-Q63L-
expressing cells but robustly induced redistribution of inhibitor of p160-ROCK, reversed the inhibitory effects
of RhoA-Q63L (results not shown).this probe from cytoplasm to pseudopods in controls
(Figure 2D; Supplemental Table S1), as we previously
reported (Srinivasan et al., 2003).
As in other cell types (Ishizaki et al., 1997; Matsui et Effects of Inhibiting Rho and p160-ROCK
on Establishment of Cell Polarityal., 1996), most effects of Rho-GTP on the actin-myosin
cytoskeleton of HL-60 cells are mediated by a down- We assessed effects of two inhibitors of the Rho path-
way: a dominant interfering Rho mutant, Rho-T19N,stream Rho-dependent kinase, p160-ROCK, as suggested
by two observations. First, transient expression of a which is thought to act by sequestering guanine nucleo-
tide exchange factors (GEFs) for Rho, and Y-27632, theconstitutively active mutant of p160-ROCK (ROCK3)
Polarity Signals in Neutrophils
205
Figure 3. Effects of Inhibiting Rho and p160-
ROCK on Establishment of Cell Polarity
(A) HL-60 cells were cotransfected with PH-
Akt-GFP and the dominant-negative Rho
construct Rho-T19N and uniformly stimu-
lated with fMLP (100 nM) for the indicated
times. Fluorescence and Nomarski images
are shown.
(B) HL-60 cells stably expressing PH-Akt-
GFP were pretreated with the Rho kinase in-
hibitor Y-27632 (10 M) for 30 min and ex-
posed to a uniform concentration of fMLP
(100 nM) for the indicated times. Fluores-
cence and Nomarski images are shown.
(C) Activation of Rac by fMLP. Rac-GTP in
cells was assessed by a GST-PAK-PBD pull-
down assay (Benard et al., 1999). Cells were
pretreated with no drug, Y-27632 (10 M, 30
min pretreatment), or LY 294002 (LY, 200 M,
2 hr) before exposure to fMLP for 2 min. Im-
munoblots show the result of a representative
experiment; graphs show the mean blot
densities  2 SEM of n  4 separate experi-
ments. Results are normalized to the density
of staining in the unstimulated lane ( 1.0).
All bars, 10 m.
pharmacological inhibitor of p160-ROCK (Uehata et al., added, in a proportion of cells (30%) protrusions grad-
ually withdrew, leaving a single, prominent pseudopod1997).
In the absence of fMLP, cells transiently coexpressing and a long, retracting tail. The latter shape is similar to
that reported previously in monocytes and neutrophilsRho-T19N and PH-Akt-GFP (Figure 3A, left, at 0 s) were
flattened and somewhat spread out, with occasional treated with Y-27632 (Alblas et al., 2001; Worthylake et
al., 2001).small lateral extensions; PH-Akt-GFP was largely con-
fined to the cytosol. Addition to such cells of a uniform In keeping with the increase in number of pseudo-
pods, Y-27632 almost doubled the increase in Rac-GTPconcentration of fMLP usually caused extension of pseu-
dopods in multiple directions and translocation of PH-Akt- induced by fMLP (Figure 3C), as assessed in a pull-down
assay (Alblas et al., 2001). As reported in neutrophilsGFP from cytoplasm to pseudopod membranes (Figure
3A, top and bottom); fMLP (100 nM) increased the pro- (Benard et al., 1999), inhibition of PI3K by LY 294002
sharply reduced fMLP-induced activation of Rac in HL-portion of Rho-T19N-expressing cells that showed
multiple (simultaneous) pseudopods from 18%–70% 60 cells (Figure 3C).
(Supplemental Table S2). Treating HL-60 cells with the
inhibitor of p160-ROCK, Y-27632 (30 M), produced a Myosin II Regulates Polarity
Effects of Rho and p160-ROCK on myosin II-based con-similar response, with multiple pseudopods (Figure 3B;
Supplemental Table S2). Supplemental Figure S2 shows traction and de-adhesion of the trailing edge of migrat-
ing cells (Gohla et al., 1998; Ishizaki et al., 1997; Ridley,images of multiple cells expressing Rho-T19N or treated
with Y-27632. Although many inhibitor-treated cells still 2001; Sah et al., 1996; Totsukawa et al., 2000), localiza-
tion of myosin II at the rear and sides of neutrophilsexhibited multiple pseudopods 5 min after fMLP was
Cell
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Figure 4. Role of Myosin II As an Effector Controlling the Trailing Edge
(A) HL-60 cells were transfected with either myosin II heavy chain (GFP-NMHC II-A) or GFP-tagged myosin light chain (MLC-GFP), as indicated.
Cells were exposed to fMLP (100 nM) for the indicated times. GFP fluorescence and Nomarski images are shown.
(B) HL-60 cells were treated for 3 min with no drug, with 100 nM fMLP, or with the same concentration of fMLP after pretreatment with Y-27632
(10 M for 30 min) or PTX (1 g per ml overnight), as indicated. Cells were fixed and stained for F-actin and with an antibody directed against
phosphorylated MLC (p19-MLC). Nomarski, fluorescence images, and overlays are shown. Green  anti p19-MLC; red  F-actin.
(C) HL-60 cells stably expressing PH-Akt-GFP were pretreated with a myosin II inhibitor, blebbistatin (100 M) for 30 min and uniformly
stimulated for the indicated times with fMLP (100 nM). Fluorescence and Nomarski images are shown.
(D) An HL-60 cell transiently coexpressing PH-Akt-GFP and DD-MLC was exposed for the indicated times to fMLP (100 nM). Fluorescence
and Nomarski images are shown. All bars, 10 m.
(Keller and Niggli, 1993), effects of a nonspecific myosin localization was blocked by Y-27632 (Figure 4B), indicat-
ing that p160-ROCK is responsible for fMLP-dependentinhibitor on neutrophil migration and polarity (Eddy et
al., 2000), and slow migration with formation of lateral MLC phosphorylation in HL-60 cells, as in other cell
types (Ishizaki et al., 1997; Totsukawa et al., 2000). Inpseudopods in Dictyostelium with myosin II mutations
(Wessels et al., 1988) or mutations that interrupt a PI3Ps- keeping with the relative inability of PTX to inhibit activa-
tion of Rho (Figure 1B), fMLP stimulated asymmetricAkt/PKB/PAK pathway triggered by attractant (Chung
and Firtel, 1999; Chung et al., 2001) led us to ask whether accumulation of p(19)-MLC in 19 of 50 (38%) PTX-
treated cells (Figure 4B), as compared to 56% of controlsdecreased myosin II activity might be responsible for
the disrupted polarity and multiple pseudopods induced and 10% of unstimulated cells.
Finally, a specific myosin II inhibitor, blebbistatinby inhibitors of Rho and its downstream kinase (Figure 3).
We found that treatment with fMLP caused transiently (Straight et al., 2003), caused multiple pseudopods to
form in fMLP-treated cells (Figure 4C, Supplemental Ta-expressed GFP-tagged myosin II heavy chain (NMHC
II-A), the predominant neutrophil isoform (Maupin et al., ble S2). This phenotype was similar to, if not more severe
than, that produced by inhibiting Rho or p160-ROCK1994), or its regulatory subunit, myosin light chain (MLC-
GFP) (Ward et al., 2002), to redistribute to the rear of (Figures 3B and 4B). Indeed, fMLP induced formation
of multiple pseudopods in 60%–70% of cells treatedpolarized cells (Figure 4A) in patterns reminiscent of
RhoA (Figure 2A). with each of the three inhibitors: expression of Rho-
T19N or exposure to Y-27632 or blebbistatin; this re-In addition, immunofluorescence of fixed cells showed
that activated MLC, phosphorylated at Ser19 (p[19]- sponse was seen in only 5% of control cells exposed
to fMLP (Supplemental Table S2).MLC), was detectable at the back of 56% (28 of 50
examined) of fMLP-treated cells, while F-actin was ac- Together, these data extend and confirm previous
evidence (summarized in Firtel and Meili, 2000; Ridley,cumulated in pseudopods at the front (Figure 4B); this
Polarity Signals in Neutrophils
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2001; Ward et al., 2002), suggesting that myosin II acts Figure 6C and Supplemental Table S1 show that con-
stitutively active G12 and G13 constructs, carryingas a major effector of Rho and p160-ROCK to control
asymmetric sensitivity to attractants. This inference was mutations that reduce their ability to hydrolyze GTP,
induced a phenotype closely like that induced by consti-confirmed by effects of a constitutively active MLC mu-
tant (MLC-DD; see Experimental Procedures) in which tutively active Rho (Figure 2) or myosin light chain (Figure
4D). Specifically, these constructs inhibited fMLP-stimu-aspartate residues were substituted at positions 18 and
19 (Ward et al., 2002): like constitutively active RhoA and lated accumulation of PH-Akt-GFP or PAK-PBD-YFP at
a leading edge, producing instead rounded cells with ap160-ROCK (Figure 2), MLC-DD substantially reduced
fMLP-induced cell polarity, actin accumulation, and uropod-like morphology. fMLP induced asymmetric PH-
Akt-GFP accumulation in 94% of normal cells but onlytranslocation of PH-Akt-GFP or PAK-PBD-YFP (Figure
4D, Supplemental Table S1). 14% or 54%, respectively, in cells expressing the G13
or the G12 construct (Supplemental Table S1).
Y-27632 Increases Attractant Sensitivity
of the Trailing Edge PTEN Does Not Localize Detectably
to the Trailing EdgeWe confirmed in HL-60 cells earlier observations that
the neutrophil’s leading edge is much more sensitive to Although translocation of PTEN to the plasma mem-
brane plays an important inhibitory role at the back andattractant than the back (Zigmond et al., 1981): the cell in
Figure 5A polarized and crawled toward a micropipette sides of Dictyostelium amoebae (Funamoto et al., 2002;
Iijima and Devreotes, 2002), we found in HL-60 cells thatsource of fMLP, but relocation of the micropipette near
the back of the cell induced collapse of polarity with PTEN with cyan fluorescent protein (CFP) attached at its
N terminus (CFP-PTEN) was distributed in a cytoplasmicretraction of the former pseudopod. Zigmond reported
this phenomenon in three of eight neutrophils (38%) pattern almost identical to that of YFP cotransfected
into the same cells (Supplemental Figure S3). Identicaltested by repositioning a point source of attractant at
the back; the remaining cells performed a U-turn (Zig- distributions were seen in cells expressing PTEN with
GFP attached at either its N or C terminus (result notmond et al., 1981). In our experiments, six of ten HL-60
cells (60%) treated in this fashion showed loss of polarity shown). Considering the three different PTEN constructs
together, 69 cells in 8 separate experiments failed toand retraction of the pseudopod, while the others per-
formed U-turns (Figures 5A and 5C). show membrane localization of the lipid phosphatase.
While these negative observations do not prove thatY-27632, the inhibitor of p160-ROCK, restored attract-
ant sensitivity to the trailing edge: the Y-27632-treated PTEN translocation plays no role in neutrophil polarity,
it is worth mentioning that Jurkat T cells polarize anddifferentiated HL-60 cell in Figure 5B, polarized and mi-
grating toward a point source of fMLP, rapidly re- migrate normally in response to appropriate chemokines
acting on Gi-coupled receptors (Gomez-Mouton et al.,sponded to movement of the micropipette by protruding
a new pseudopod in its direction rather than by per- 2001), despite the fact that they are devoid of PTEN
(Shan et al., 2000).forming a U-turn; similar responses were seen in 10 of
18 Y-27632-treated cells (58%) but rarely in normal cells;
Figure 5C depicts outlines of representative control and Discussion
Y-27632-treated cells responding to movement of an
fMLP-containing micropipette. Inhibition of RhoA and A Model that Explains Self-Organizing Polarity
myosin produced similar results (not shown). Our findings support a model (Figure 7) that explains
how uniform concentrations of attractants promote po-
larity and asymmetric attractant sensitivity in HL-60G12 and G13 Mediate fMLP-Dependent Inhibition
of Pseudopod Formation cells, neutrophils, and (perhaps) other chemotactic
cells. Briefly, the attractant binds to a G protein-coupledWe tested the possibility that PTX-resistant attractant
responses are mediated by G12 and G13, which stimu- receptor (R), which in turn activates different trimeric
G proteins to generate two divergent, opposing signal-late Rho GEFs and thereby trigger Rho-dependent cy-
toskeletal responses in vertebrate cells (Hart et al., 1998; ing pathways, which promote polarized frontness and
backness, respectively. In the frontness pathway, Gi,Kozasa et al., 1998; Suzuki et al., 2003).
Dominant-negative G12 and G13 constructs inhibit PI3Ps, and Rac promote de novo formation of actin
polymers. One or more positive feedback loops in thisGPCR-dependent activation of G12 and G13 signals in
CHO cells (Sugimoto et al., 2003). Figures 6A, 6B, and first pathway mediate localized increases in sensitivity
to attractant: one of these requires polymerized actin,Supplemental Table S2 show that transient expression
of these constructs in HL-60 cells produced phenotypes while Rac or Cdc42 may in addition enhance PI3P accu-
mulation more directly, via an alternative pathway (dot-similar or identical to those seen with dominant-negative
Rho, Y-27632, and blebbistatin; that is, cells were some- ted curved line in Figure 7; see below). Backness signals,
generated by G12 and G13, depend on activation of awhat spread out in the basal state and responded to
fMLP by forming multiple pseudopods. Expressed Rho-dependent pathway that stimulates activation of
myosin II, formation of contractile actin-myosin com-alone, the dominant-negative G12 construct promoted
this phenotype more strongly than did the G13 construct plexes, and myosin-dependent inhibition of Rac- and
PI3P-dependent responses. Backness signals inhibit(47% versus 26%, respectively, of cells show multiple
pseudopods after exposure to fMLP); expression of the frontness signals, and vice versa (dashed straight lines
in Figure 7).two together produced a stronger effect than did either
construct alone (Supplemental Table S2). Although it incorporates some features of an older
Cell
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Figure 5. Insensitivity of the Neutrophils’ Trailing Edge to Chemoattractant Is Prevented by Y-27632
(A) Migration of a single differentiated HL-60 cell, stimulated by a moving micropipette containing 10 M fMLP. Just after images taken at
84, 168, 246, 330, and 408 s, the micropipette was moved to the position shown in the following image.
(B) Migration of a single HL-60 cell pretreated with Y-27632 (30 M, 30 min), stimulated by a moving micropipette containing 10 M fMLP.
The micropipette was moved once, just after the 35 s image, to the position shown in subsequent images.
(C) Responses of control and Y-27632-treated cells to movement of a micropipette filled with 10 M fMLP. Outlines indicate shape and
location of the cell periphery at 1 min intervals; green outlines show successive images as each cell responded to the micropipette in positions
indicated by small green circles; in each case the micropipette was moved, immediately following the last green image (black dashed arrows),
to the position indicated by the small red circle, and red outlines show cell location and shape at 1 min intervals thereafter. The two control
cells at left and center performed smooth turns toward a second micropipette position located to one side of the cell, while the third exhibited
collapse of polarity and cessation of migration after the micropipette was moved to a location close to the opposite pole of the cell. Each of
the two Y-27632-treated cells shown changed direction toward the new position of the fMLP source by creating a new pseudopod at its
opposite pole. Bars, 10 M.
Videos of the experiments shown in (A) and (B) are Supplemental Movies S1 and S2.
model of polarized asymmetry, based on positive feed- fies specific biochemical mediators of polarity. More
importantly, it also incorporates a self-organizing prop-back and global inhibition (Gierer and Meinhardt, 1972;
Meinhardt and Gierer, 1974), the present model identi- erty of the actin cytoskeleton in which opposing roles
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Figure 6. Effects of Expressing G12 and
G13 Mutants
(A) A cell coexpressing PH-Akt-GFP as well
as dominant-negative (DN) G12 and G13
(Sugimoto et al., 2003) was exposed to a uni-
form concentration of fMLP (100 nM) for the
times indicated. Note that fMLP induced
translocation of PH-Akt-GFP (top) from cyto-
plasm to virtually the entire cell periphery,
which then formed multiple protrusions, simi-
lar to those seen in cells treated with Y-27632
or blebbistatin (Figures 3 and 4).
(B) A different cell transiently expressing DN
G12 and G13 was exposed to a uniform
concentration of fMLP (100 nM) for 5 min. The
transfected cell (a), which was identified by
antibody against the C-myc epitope in the DN
constructs (not shown), shows two pseudo-
pods, each of which stains with F-actin (right).
The untransfected cell (b) shows a single nor-
mal pseudopod.
(C) A cell coexpressing PH-Akt-GFP and a
constitutively active mutant of G13 (Q226L)
was exposed to a uniform concentration of
fMLP (100 nM) for the times indicated. Note
that fMLP induced formation of pseudopods
(arrows) in the normal (untransfected) cells,
but not in the cell expressing G13-Q226L.
Top shows PH-Akt-GFP fluorescence; bot-
tom are Nomarski images. Bars, 10 M.
of actin polymers and actin-myosin assemblies induce of fish keratocytes induced persistent polarity (polymer-
ized actin at the front, myosin-based contraction at thespatial separation of the assemblies themselves to op-
posite edges of the cell. A novel feature of the model is back) and migration. This symmetry-breaking response
probably depends on mechanochemical coupling be-that distinct actin assemblies—protrusive polymers at
the front and contractile actin-myosin complexes at the tween two different cytoskeletal assemblies. Perhaps
application of localized pressure causes actin-myosinback—do not serve simply as read-outs of intracellular
signals but, instead, play essential roles in transmitting assemblies to form arrays parallel to the plasma mem-
brane, thereby inhibiting protrusion but promoting theirand modulating those signals.
Cell polarity, like other self-organizing biologic sys- ability to contract (Kolega, 1986); resulting contraction
at the back of the cell fragment could in turn push mem-tems, utilizes metabolic energy to facilitate and stabilize
transitions between different spatial organizations (e.g., brane at the other side outwards, thereby enhancing
formation of radially directed actin polymers. Recipro-between symmetry and asymmetry); such transitions
may follow small perturbations that set in motion chains cally, protrusion of the front pulls the cell forward and
may enhance contraction at the back. As a result, eachof events that oppose and balance one another in the
new steady state (Kirschner et al., 2000). In one elegant actin assembly segregates itself spatially from the other
and, at the same time, promotes the other’s activity atexample (Verkhovsky et al., 1999), transient external
pressure on one side of radially symmetrical fragments a distance.
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at the first step after receptor activation. Similarly, in
Dictyostelium amoebae, the PI3P-dependent frontness
pathway diverges from a backness signal, PTEN-trans-
location to and from the plasma membrane, at a point
in the signaling pathway upstream of PI3Ps: after expo-
sure to a uniform concentration of attractant, these cells
transiently translocate PTEN-GFP from plasma mem-
brane to cytoplasm, and then PTEN returns to the mem-
brane; neither effect is altered by genetic knockouts of
two PI3Ks (R. Meili and R.A. Firtel, personal communica-
tion). (Note that the inhibitory backness program ap-
pears to control PTEN translocation in the soil amoeba,
but may not do so in HL-60 cells; see Supplemental
Figure S3.)
Why is it biologically useful to separate frontness and
backness pathways at such an early step? Our findings
Figure 7. Actin Assemblies Modulate Sensitivity to Attractant: A
suggest one reason: signal divergence at a step up-Model
stream from PI3P accumulation means that PI3Ps do
See text for details. Abbreviations: R, G protein-coupled receptor;
not have to regulate backness directly. This allows theGi and G12/13, trimeric G proteins; Rac and Rho, small Rho
push-pull relation between the two pathways to produceGTPases; PI3P, 3 phosphoinositides.
more sharply demarcated morphologic polarity.
In addition to promoting morphologic polarity, diver-
gence of backness signals from frontness signals cre-The model in Figure 7 explains how neutrophils and
ates markedly asymmetric sensitivity to frontness cues,HL-60 cells polarize in uniform attractant and why they
which may contribute to direction-finding in shallow gra-respond to changes in attractant gradients by making
dients. In this regard, it is instructive to compare ourU-turns. The more or less symmetrically distributed actin
model with that of Devreotes and Janetopoulos (2003).ruffles and PI3P accumulation seen at early times (e.g.,
These investigators drew a sharp distinction between30 s) after application of a uniform stimulus (Wang et
polarity (that is, assumption of an asymmetric shapeal., 2002) presumably mask a fine-textured mosaic of
with defined front and back) from directional sensing,interspersed backness and frontness signals, some trig-
which they define as the ability to detect an asymmetricgering activation of PI3Ks, Rac, and actin polymeriza-
extracellular cue and generate an internal amplified re-tion, others promoting activation of Rho and myosin.
sponse. In their formulation, directional sensing is notLocalized mechanochemical incompatibility of the two
the same as polarity and indeed can function in thecytoskeletal responses, combined with the ability of
absence of polarity. Instead, they explain directionaleach to damp signals that promote the other (dashed
sensing by a “local excitation-global inhibition” modelinhibitor lines in Figure 7), then gradually drive them to
in which a rapid, local excitation (reflected by PI3P accu-separate into distinct domains of the membrane. As a
mulation) is balanced by a slower “global inhibition”result, within 2 min, a morphologically distinct pseudo-
process, which depends on average receptor occu-pod, which is highly sensitive to attractant, cleanly de-
pancy. In an attractant gradient, local excitation at themarcates itself from relatively insensitive membrane, en-
leading edge will exceed the steady-state level of inhibi-riched with myosin, at the back and sides (Servant et al.,
tion, while the opposite will be true at the back of the2000; Srinivasan et al., 2003; Wang et al., 2002; Weiner et
cell; as a consequence, the gradient of membrane PI3Psal., 2002; Zigmond et al., 1981).
is steeper than that of the external attractant.Why do neutrophils (Zigmond et al., 1981) and polar-
Devreotes and Janetopoulos (2003) regard this ampli-ized HL-60 cells (Figure 5A) respond to changes in direc-
fication of signal asymmetry as fundamentally distinct
tion of a gradient by performing U-turns rather than
from morphologic polarity, because latrunculin-treated
simply reversing polarity? According to the model (Fig-
cells, which are unable to polymerize actin (and thereby
ure 7), this is because the positive feedback loop at the polarize), nonetheless can exhibit the amplified asym-
front and inhibitory backness signals at the back and metries of PI3P probes and PTEN characteristic of direc-
sides combine to render the pseudopod much more tional sensing. Because PI3P asymmetries in normal
sensitive to PI3P- and Rac-activating actions of the at- Dictyostelium cells exposed to an attractant gradient
tractant, more or less forcing the cell to follow its nose. considerably exceed those of latrunculin-treated cells,
Collapse of polarity when the attractant-filled micropi- however, they suggest that polymerized actin exerts
pette is moved rapidly from front to back (Figure 5A) an additional gradient-amplifying effect, presumably via
may reflect rapid decrease of the stimulus in the pseudo- positive feedback similar to that described in HL-60 cells
pod’s immediate environment, combined with inability (Srinivasan et al., 2003; Wang et al., 2002; Weiner et al.,
of inhibited lateral surfaces to respond to frontness sig- 2002).
nals when they have just experienced an increase in Our observation that GPCR-stimulated activation of
backness signals as well. G12 and G13 mediates inhibition of frontness responses
in HL-60 cells indicate that the attractant itself can serve
Divergent, Opposed Signals for Front and Back as the primary inhibitor. Unlike the theoretical global
It is striking that different trimeric G proteins mediate inhibitor diffusing through the cytoplasm, this inhibitor
is not functionally “global,” because it turns off frontnessfrontness and backness so that these pathways diverge
Polarity Signals in Neutrophils
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signals, but does not turn off attractant-stimulated back- growing actin polymers augment PI3P accumulation by
promoting formation of PI3P-generating signaling com-ness signals, as graphically demonstrated by the effects
of fMLP on PTX-treated cells (Figure 1A). plexes or by excluding complexes that contain lipid
phosphatases. And how do actin-myosin complexes in-Our observations do agree, however, with the idea
that polarized actin polymers cooperate with an intrinsic hibit PI3P accumulation at the sides and trailing edge?
These effects could reflect either of two general mech-directional sensing mechanism to amplify gradients of
internal chemotactic signals. Actin-mediated positive anisms, which are not mutually exclusive. First, several
laboratories have identified lipid domains, or “rafts,” dis-feedback is not absolutely necessary for fMLP-stimu-
lated PI3P accumulation: latrunculin only partially re- tinctly different in their composition, in plasma mem-
brane at leading and trailing edges of neutrophils. Richduces fMLP-stimulated phosphorylation of the PI3P tar-
get, Akt/PKB (Figure 1D), and a point source of fMLP in cholesterol and sphingolipids and potentially regu-
lated in their composition and distribution by actin (Go-induces latrunculin-treated HL-60 cells to distribute PH-
Akt-GFP asymmetrically to the up-gradient edge (Wang mez-Mouton et al., 2001; Seveau et al., 2001) assem-
blies, such rafts could sequester or exclude specificet al., 2002); as in Dictyostelium, however, the asymme-
try is less than that seen in normal cells. signaling proteins or lipids, including PI3Ps. Second,
stretch-induced changes in tension of membranes orMoreover, an earlier observation in HL-60 cells hints
that the intrinsic directional sensing mechanism may in the cytoskeleton itself clearly modulate signaling pro-
teins and cytoskeletal assemblies. Stretching a fibro-part be mediated by a Rho GTPase by a mechanism
separate from promotion of Rac-dependent actin poly- blast along one axis inhibits Rac activity in plasma mem-
brane parallel to the direction of stretch, thereby confiningmerization: fMLP did not stimulate translocation of PH-
Akt-GFP to membranes of HL-60 cells treated with formation of new actin polymers to unstretched membrane
domains (Katsumi et al., 2002). Thus, it seems possibleC. difficile toxin (Servant et al., 2000), which turns off
Rac, Rho, and Cdc42 (Just et al., 1996; Sehr et al., 1998). that localized stretch, applied by the cytoskeleton to
local regions of membrane, may regulate signal trans-While the toxin resembled latrunculin in preventing at-
tractant-induced polarity, its much greater inhibition of mission and the cytoskeleton itself.
PH-Akt-GFP translocation suggests that it inhibits a
Experimental Proceduresmechanism in addition to that mediated by polymerizing
actin. (Figure 7 schematically represents this mecha-
Antibodies and Reagentsnism as a dotted curved line connecting Rac to PI3Ps
Rabbit polyclonal antibodies against RhoA and Rac2 were pur-
accumulation.) chased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
If the toxin does abrogate intrinsic directional sensing, monoclonal antibody against PTEN was from Cascade Bioscience.
Rabbit polyclonal antibodies against phosphorylated myosin lightit presumably does so by inhibiting a Rho GTPase. We
chain (Ser19; p[19]-MLC), and phosphorylated Akt (Thr308) weresuspect it may not be Rac, which in HL-60 cells is the
purchased from Cell Signaling Technology (Beverly, MA). FITC-con-predominant activator of actin polymerization (Sriniva-
jugated goat anti-rabbit IgM was from Jackson ImmunoResearchsan et al., 2003). Of the other GTPases, Cdc42 is a more
Laboratories. Horseradish peroxidase-conjugated donkey anti-rab-
likely contributor to intrinsic directional sensing than bit IgG was from Amersham. Y-27632, pertussis toxin, LY 294002,
Rho, because abrogation of Rho and Rho-dependent and latrunculin B were from Calbiochem (San Diego, CA). Human
fibronectin and the anti-c-myc monoclonal antibody were from BDbackness does not prevent fMLP from stimulating PH-
BioSciences (Palo Alto, CA). Human albumin (low endotoxin), fMLP,Akt-GFP translocation and formation of relatively well-
protease inhibitor and phosphatase inhibitor cocktails, and diisopropylfocused pseudopods (Figures 3–5) and also because
fluorophosphate were from Sigma (St. Louis, MO). Rhodamine-phalloi-the inhibitor of p160-ROCK, Y-27632, fails to prevent
din was obtained from Molecular Probes (Eugene, ORE). Streptolysin O
cells from constructing a pseudopod and migrating ac- was purchased from Corgenix (Peterborough, UK). The electroporation
curately (albeit slowly) toward a source of fMLP (Figures chamber (Model Series 1600) was from GIBCO-BRL.
5B and 5C). In contrast, inhibiting Cdc42 in HL-60 cells
does impair directional sensing: pseudopods do form DNA Constructs
GFP or myc-tagged RhoA constructs (WT, Q63L, and T19N mutants)in Cdc42-inhibited cells, but they are unstable and un-
and PAK-PBD-YFP (Kraynov et al., 2000) were gifts from Klaus Hahnable to point toward a point source of fMLP (Srinivasan
(Scripps Institute of Immunology, La Jolla, CA). GFP-tagged myosinet al., 2003). In addition, of course, Cdc42 has been
heavy chain IIA was a gift from Robert Adelstein and Qize Wei;
implicated as a key mediator of directional polarity and/ this construct and myosin light chain (WT and DD mutant) were
or migration in S. cerevisiae (Wedlich-Soldner et al., 2003 previously described (Ward et al., 2002; Wei and Adelstein, 2000).
The GFP-PTEN, CFP-PTEN, and PTEN-GFP fusion proteins wereand references therein), neuroblastoma cells (Etienne-
constructed by cloning human PTEN cDNA into pEGFP-C1, pECFP-Manneville and Hall, 2001, 2003), and macrophages (Al-
C1, and pEGFP-N3 vectors (Clonetech), respectively. The myristoy-len et al., 1998).
lated-PTEN-GFP construct was made by attaching sequences en-
coding the first 15 amino acids of pp60c-src, followed by a 4-gluta-
How Do Actin Assemblies Regulate Signals mine spacer, to the N terminus of PTEN human cDNA, which was
then cloned into pEGFP-N3. Constitutively activated mutants ofat the Membrane?
G12 and G13were obtained from the Guthrie Institute, Sayre, PA.Although fMLP-stimulated cytoskeletal responses local-
ized to the front and back of HL-60 cells mutually inhibit
Cell Culture and Transfectionone another (Figures 2–6; dashed inhibitory lines in Fig-
Procedures for cultivation and differentiation of HL-60 and HL-60ure 7), we have not identified the biochemical mecha-
cells stably expressing PH-Akt-GFP have been described (Servant
nisms that underlie these inhibitory effects or that regu- et al., 2000; Wang et al., 2002). For transient transfections, differenti-
late attractant sensitivity at the front versus the back. At ated HL-60 cells (on day 6 after addition of DMSO) were washed
once in RPMI-HEPES and resuspended in the same medium to athe leading edge, for instance, we do not know whether
Cell
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final concentration of 108 ml1. DNA was then added to the cells Allen, W.E., Zicha, D., Ridley, A.J., and Jones, G.E. (1998). A role
for Cdc42 in macrophage chemotaxis. J. Cell Biol. 141, 1147–1157.(30 g of PH-Akt-GFP or PAK-PBD-YFP DNA, plus 50 g of other
constructs to be cotransfected), the cell-DNA mixture was incubated Benard, V., Bohl, B.P., and Bokoch, G.M. (1999). Characterization
for 10 min at room temperature, transferred to electroporation cu- of rac and cdc42 activation in chemoattractant-stimulated human
vettes, and subjected to an electroporation pulse on ice at 310V, neutrophils using a novel assay for active GTPases. J. Biol. Chem.
1180 F, and low resistance. Transfected cells were allowed to 274, 13198–13204.
recover for 10 min at room temperature and then transferred to 20
Cassimeris, L., and Zigmond, S. (1990). Chemoattractant stimulation
ml complete medium. Subsequent assays were performed 16–24 hr
of polymorphonuclear leukocyte locomotion. Semin. Cell Biol. 1,
after transfection, except that we waited only 4 hr after transfection
125–134.
in experiments with RhoA-T19N and myristoylated-PTEN-GFP
Chung, C.Y., and Firtel, R.A. (1999). PAKa, a putative PAK family(these constructs produced unacceptable toxicity if expression con-
member, is required for cytokinesis and the regulation of the cy-tinued for more than 4 hr).
toskeleton in Dictyostelium discoideum cells during chemotaxis. J.
Cell Biol. 147, 559–576.Rho GTPase Pull-Down Assays
Chung, C.Y., Potikyan, G., and Firtel, R.A. (2001). Control of cellRhoA and Rac2 pull-down kits were purchased from Upstate Bio-
polarity and chemotaxis by Akt/PKB and PI3 kinase through thetechnology (Lake Placid, NY) and assays were performed according
regulation of PAKa. Mol. Cell 7, 937–947.to attached protocols. Briefly, HL-60 cells (nontreated or pretreated
with inhibitors) were stimulated with fMLP (100 nM) for 1 min, and Devreotes, P., and Janetopoulos, C. (2003). Eukaryotic chemotaxis:
immediately lysed with a buffer (MLB) supplied in the kit and centri- distinctions between directional sensing and polarization. J. Biol.
fuged at 14,000 	 g for 5 min. Equal amounts of the resulting su- Chem. 278, 20445–20448
pernant fractions were incubated with either rhotekin RBD-agarose Downey, G.P. (1994). Mechanisms of leukocyte motility and chemo-
(which binds RhoA-GTP) or PAK-1 PBD-agarose (which binds Rac2- taxis. Curr. Opin. Immunol. 6, 113–124.
GTP) for 1 hr at 4
C, followed by washing three times with MLB
Eddy, R.J., Pierini, L.M., Matsumura, F., and Maxfield, F.R. (2000).
buffer. Proteins binding to the beads were eluted in Laemmli sample
Ca2-dependent myosin II activation is required for uropod retrac-
buffer and subjected to Western blot analysis using rabbit polyclonal
tion during neutrophil migration. J. Cell Sci. 113, 1287–1298.
antibodies specific to RhoA or Rac2.
Etienne-Manneville, S., and Hall, A. (2001). Integrin-mediated activa-
tion of Cdc42 controls cell polarity in migrating astrocytes throughAssays and Microscopic Analysis
PKCzeta. Cell 106, 489–498.For immunofluorescence analysis in fixed cells, cells were subjected
Etienne-Manneville, S., and Hall, A. (2003). Cdc42 regulates GSK-to no stimulation (basal) or to stimulation with fMLP (100 nM) for
3beta and adenomatous polyposis coli to control cell polarity. Na-3 min. Cells were extracted by 0.5% Triton X-100 on ice for 1 min
ture 421, 753–756.or 5 U/ml streptolysin-O for 10 min at room temperature, followed
by 3.7% paraformaldehyde fixation, and immunostained for RhoA Firtel, R.A., and Meili, R. (2000). Dictyostelium: a model for regulated
or myosin. Antibodies were used at a dilution of 1:100, and immuno- cell movement during morphogenesis. Curr. Opin. Genet. Dev. 10,
staining was conducted as previously described (Servant et al., 421–427.
2000). F-actin was assessed by incubating for 15 min with 10 units Fishburn, C.S., Pollitt, S.K., and Bourne, H.R. (2000). Localization of
ml1 rhodamine-phalloidin, as described (Wang et al., 2002). a peripheral membrane protein: G targets Gz. Proc. Natl. Acad.
Live cells were imaged after stimulation either with a uniform Sci. USA 97, 1085–1090.
concentration of chemoattractant (fMLP, 100 nM) or by a point
Funamoto, S., Meili, R., Lee, S., Parry, L., and Firtel, R.A. (2002).source of chemoattractant from a micropipette (Femtotips) con-
Spatial and temporal regulation of 3-phosphoinositides by PItaining 10 M fMLP, as described (Servant et al., 2000). Because
3-kinase and PTEN mediates chemotaxis. Cell 109, 611–623.in our transfection procedure more than 80% of cells expressing
Gierer, A., and Meinhardt, H. (1972). A theory of biological patternone construct also expressed the other (Srinivasan et al., 2003),
formation. Kybernetik 12, 30–39.fluorescence associated with PH-Akt-GFP was used to infer coex-
pression of the mutant protein in living cells. Time-lapse videomi- Gohla, A., Harhammer, R., and Schultz, G. (1998). The G-protein
croscopy was performed as described (Servant et al., 2000). G13 but not G12 mediates signaling from lysophosphatidic acid
receptor via epidermal growth factor receptor to Rho. J. Biol. Chem.
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